We have used polarized neutron reflectometry to study the field-dependent magnetizations of Co/Pt mulitlayers patterned via deposition onto nanoporous alumina hosts with varying pore aspect ratio. Despite the porosity and lack of long-range order, robust spin-dependent reflectivities are observed, allowing us to distinguish the magnetization of the surface multilayer from that of material in the pores. We find that as the pores become wider and shallower, the surface Co/Pt multilayers have progressively smaller high field magnetization and exhibit softer magnetic reversal-consistent with increased magnetic disorder and a reduction of the perpendicular anisotropy near the pore rims. These results reveal complexities of magnetic order in nanoporous heterostructures, and help pave the way for depth-resolved studies of complex magnetic heterostructures grown on prepatterned substrates. V C 2013 American Institute of Physics. [http://dx
I. INTRODUCTION
Arrays of nanoscale magnetic elements not only have important applications in ultrahigh density bit patterned recording media 1, 2 and spintronic devices 3 but also facilitate fundamental studies of spatially confined magnetism. [4] [5] [6] Deposition of magnetic films 7, 8 and multilayers 9,10 onto nanoporous host matrices has been shown as a simple and cost-effective method for achieving such arrays over macroscopic areas. When a thin layer is deposited, most of the materials are on top of the growth matrix, replicating the nanoporous structure. The lateral confinement within the film plane provides a means to tailor the magnetization reversal mechanisms, leading to attractive networked media 11 with enhanced coercivity and improved thermal stability. 7, 8 As the deposition continues, more and more material enters into the pores of the template. The amount of material deposited on the porous surface as compared to the amount that settles inside the pores or along the pore edges depends critically on the pore aspect ratio A ¼ h/D, where D is the pore diameter, and h is the pore depth. Magnetometry and first order reversal curve (FORC) measurements of nanoporous Co/Pt have shown that the pore aspect ratio has a profound effect on the magnetization reversal of the sample as a whole, both by changing the size of the lateral dimension with respect to the domain wall size, and by changing the amount of magnetic material that can enter the pore. 9 These measurements indicate that for high aspect ratio, when the Co/Pt is largely confined to the sample surface, the pores act as pinning sites, and magnetization reversal is dominated by motion of highly pinned domain walls. Conversely, when the aspect ratio is decreased and more Co/Pt is deposited in the pores, the magnetic reversal appears more consistent with rotation. However, distinguishing the magnetization of the surface multilayer from underlying magnetic material in the pores can be exceedingly difficult with magnetometry alone, which measures the collective magnetic response and lacks any spatial sensitivity. This challenge in probing depthdependent magnetization reversal is common in a wide variety of magnetic nanostructures prepared on pre-patterned substrates, such as bit patterned media grown on patterned pillars 2 and tilted media deposited on self-assembled nanospheres. 12 Polarized neutron reflectometry (PNR) is a technique that can provide such a depth sensitivity. But as it is sensitive to the in-plane average of the depth profile, it is most commonly used to study films or multilayers that are either compositionally continuous in the plane, or are patterned to exhibit long-range in-plane order. In this work, we report a PNR study of nanoporous Co/Pt multilayer samples, heterogeneous both laterally in the film plane and vertically along the film depth, and how pore aspect ratio affects the field-and depth-dependent magnetization.
II. SAMPLE FABRICATION
Three nanoporous anodized aluminum oxide (AAO) matrices with hexagonal close-packed (hcp) pores of varying A were produced by anodic oxidation of 50 nm Al films on Ti-capped Si substrates in sulfuric acid held at a 25 V potential followed by etching in 5% phosphoric acid. The pore diameter, spacing, and depth are all tuned by varying the etch time. Multilayers of 8 nm Pt seed/[0.5 nm Co/2 nm Pt] 5 were deposited onto the porous matrices via dc magnetron sputtering, resulting in magnetic multilayer samples with differing patterning dimensions. Details of the sample preparation procedures have been reported earlier. 9 Top-view scanning electron microscopy (SEM) and cross-sectional transmission electron microscopy (TEM) images indicate aspect ratios of A ¼ 3. cartoon representation of the sample structure, as well as SEM images of the three sample surfaces. As A decreases, the pore size increases and the depth decreases. For samples with A ¼ 3.2 and 1.6, the deposited Co/Pt multilayers are primarily on top of the AAO, which we will refer to as the "surface layer," and around the perimeter of the pores. However, for A ¼ 0.7, a significant portion of Co/Pt is deposited inside the pores in addition to the surface layer.
III. EXPERIMENT
Magnetic properties have been measured by vibrating sample magnetometry (VSM). Major hysteresis loops of the samples are shown in Fig. 2 , both with field perpendicular to (dashed lines) and in the plane of the sample (solid lines). All three samples exhibit a pronounced perpendicular magnetic anisotropy with an enhanced coercivity of around 0.15 T in the out-of-plane geometry, an order of magnitude larger than in continuous Co/Pt films. 9 This is due to the confined sample lateral dimensions which impedes the nucleation and motion of domain walls and forces more of the moments to reverse via rotation. There are only subtle variations as A is decreased, e.g., a gradual reduction of the outof-plane loop squareness. The loops do not exhibit distinct steps that could be used to clearly distinguish the magnetization of the surface multilayers on top of AAO from the magnetization of materials in the pores.
Specular PNR is sensitive to the nuclear and magnetic depth profiles of films and multilayers, probing along the surface normal (z) direction while averaging over planar features. 13, 14 Specular reflection occurs at the interfaces of regions with differing indices of refraction (a function of nuclear composition and magnetization), and as such, sharp interfaces yield reflectivity features that are, in general, easier to detect and interpret. Evident from Fig. 1 SEM images, the porous samples discussed here clearly deviate from this PNR ideal, and while there is a significant body of work showing the utility of PNR for characterization of patterned surfaces, [15] [16] [17] such work has primarily focused on offspecular diffraction from large (lm scale) elements that exhibit long-range order. While less common, PNR has also been used to study films comprised of magnetic elements lacking long-range order, such as Fe islands, 18 CoFe nanoparticles embedded in Al 2 O 3 , 19 and Fe oxide nanoparticles. 20 If the in-plane elements are too small to be distinguished by the neutron beam, the layers can be treated as uniform mixtures, for example, as has been done with unpolarized neutron reflectometry measurements of block copolymer films. 21 Such is the case for the measurements described here, as the neutron coherence length is approximately 10-100 lm, several orders of magnitude larger than the pore diameters. Thus, each neutron interacts with both porous and contiguous regions, and the specular scattering is representative of the average in-plane composition as a function of depth. PNR measurements on samples with surface area ranging from approximately 15 À 50 mm 2 were conducted on the NG-1 reflectometer at the NIST Center for Neutron Research. A monochromatic beam was polarized spin-up (þ) or spin-down (À) with respect to the sample field, and the scattered beam was spin-analyzed and measured as a function of scattering vector along the sample surface normal, Q z . As no significant spin-flip scattering was observed for any measurement, only the non spin-flip reflectivities R þþ and R ÀÀ are discussed in this work. The data were corrected for background, beam polarization, and beam footprint. Rocking curves about the specular reflection revealed no evidence of significant off-specular scattering, as expected given the small pore size. For specular PNR, the component of the magnetization perpendicular to the sample surface is not detectable, so measurements were conducted in a decreasing in-plane field after saturating along the perpendicular direction, and then applying a near-saturating 0.82 T in-plane field. The A ¼ 3.2 and A ¼ 0.7 samples were measured as a function of decreasing field, while only the near-saturation state was measured for the A ¼ 1.6 sample. Figure 3 shows the fitted PNR data measured at 0.82 T, plotted as Fresnel-normalized reflectivity (the specular reflectivity of the sample divided by the theoretical reflectivity of the bare Si substrate) in order to visualize features across a wide Q z -range. For clarity, Fig. 3 shows only the low-Q z regions where spin-splitting is most apparent; however, we note that oscillations were measured and well fitted out to Q z % 0:6 nm À1 . The pronounced oscillations in Fig. 3 indicate the interfaces are discrete enough to be distinguished, while sample-dependent differences demonstrate the sensitivity to variations in pore size. Data measured at lower fields (not shown) are similar to that in Fig. 3 , showing only a reduced spin-splitting, as expected. Reflectivities R þþ and R ÀÀ are functions of the spin-dependent scattering length density depth profiles, 13, 14 
where q N is indicative of the nuclear composition, M is the in-plane projection of the sample magnetization parallel to the applied field, and C is a constant. 22 Therefore, the sample magnetization is manifest as a splitting between R þþ and R ÀÀ . Fig. 3 reveals significant splitting for all three samples, indicating sensitivity to the magnetic depth profiles.
IV. ANALYSIS
Model-fitting of the PNR data was carried out using the REFL1D software package, 23 yielding the nuclear and magnetic depth profiles shown in Figure 4 . Layers of native SiO 2 , Ti, and non-porous "bulk" AAO are treated as nonmagnetic slabs, joined by Gaussian transition functions. The thickness, q N , and transition widths for the Ti and bulk AAO layers were free parameters for fitting. To account for pores partially filled with Co/Pt, porous AAO regions are modeled in a "free-form" fashion, with four control points of variable q N and M, connected by spline functions. The models for each sample were constrained to have field-independent nuclear profiles, with only the magnetization of the four control points allowed to vary. Since the Q z range being probed is well below, where we would be sensitive to the individual Co and Pt layers in the multilayer stacks, and since the multilayer structure is unlikely to be in uniform registry across the width of the sample, the surface layer of porous [Co/Pt] 5 on top of AAO is treated as a single magnetic layer 24, 25 with a rough air interface (rms roughness equal to three times the layer thickness). The magnetization profiles can be compared with VSM results by integrating the profiles over all z. These integrals normalized by the values at 0.82 T are shown as solid symbols in Fig. 1 . This comparison reveals excellent agreement between the two techniques, providing a strong confirmation of the model fitting. To facilitate interpretation, Figure 5 shows the portions of the 0.82 T profiles corresponding to the porous surface regions, directly below scaled cross-sectional TEM images.
Vertical bars overlaid on the plot delineate the surface Co/Pt multilayer (right side of the bar) from the rest of the sample (left side). Comparison with the TEM images illustrates a direct correspondence between key distinguishing features in the neutron profiles and distinct regions of the porous surfaces. First, consider the A ¼ 3.2 sample, which has deep, narrow pores. The region 88 nm < z < 100 nm corresponds to an average of Co/Pt multilayer and empty pores. Pt has a significantly larger q N ð6:3 Â 10 À4 nm À2 Þ than Co ð2:2 Â 10 À4 nm À2 Þ, 26 and is non-magnetic. Thus, the Pt seed layer is evident in the profiles as a spike in q N and a sharp dip in M between 80 nm < z < 88 nm. From 50 nm < z < 80 nm; q N gradually decreases with decreasing z, while M drops effectively to zero. This region corresponds to AAO, empty pores, and residual Co and Pt that has been deposited along the pore walls. For the A ¼ 1.6 sample, the pores are wider and shallower. The surface profile is similar to that of the A ¼ 3.2 sample, but with reduced q N , due to the increased pore diameter. The A ¼ 0.7 sample is significantly different than the other two, as the pores are shallow and wide enough to have Co/Pt multilayers deposited to the bottom, not just onto the walls. The surface Co/Pt multilayer on top of AAO is again clearly distinguishable, with a further decrease in q N due to increased pore diameter. However, in this case, the Pt seed layer portion of the surface network is not directly distinguishable, as it significantly overlaps with the Co/Pt multilayer deposited inside the pores. Thus, the nuclear profiles show excellent agreement with the TEM images, while simultaneously providing context for the magnetic profiles.
For each of the samples, the surface profiles correspond to an average of only two components-Co/Pt multilayer with an expected nuclear scattering length density q CoPt ¼ 5:5 Â10 À4 nm À2 (for 20% Co and 80% Pt), 26 and empty pores with q N ¼ 0. Thus, the sample surface can be analyzed as a layer of dilute CoPt with q N that falls off with increasing z due to the large average roughness of the porous structure. The volume fraction of the surface occupied by the Co/Pt network is
Additionally, the nuclear scattering length density can be used to infer the relative circumference of the pores g. Assuming a hcp arrangement of identical circles, the maximum volume fraction that can be occupied by pores is
, and the ratio of the pore circumference l pore to the maximum possible pore circumference l max can be expressed as
This quantity can be thought of as a measure of the amount of "pore rim" in the porous surface region. Accounting for the empty pores, the magnetization of the Co/Pt multilayers on top of the contiguous AAO is Figure 6 shows the A-dependencies of v f (a), g (b), and the near-saturation surface magnetization both in absolute units (c) and after normalization (d). The values are determined from the PNR model fitting, and are shown with 2-r uncertainty calculated using a Markov chain Monte Carlo algorithm. 23, 27, 28 As A increases, the volume fraction occupied by Co/Pt increases, while the fraction occupied by pore rim decreases. The determined values of v f are within 10% of what would be expected based on hcp arrangements of pores with the diameters estimated from SEM-another strong confirmation of the model fitting. Since v f increases with A, it is not surprising that the near-saturation surface magnetization M does the same. However, it is notable that this trend remains even after correcting for pore size, as the near-saturation M CoPt also increases progressively with increasing A. While the surface Co/Pt multilayer of the A ¼ 3.2 sample has a significantly higher near-saturation magnetization than does the A ¼ 0.7 sample, the latter is magnetically softer in-plane, as the low field values are similar for both samples. Both of these effects are evidence of "rounding" of the Co/Pt multilayer near the rims of the pores, as is clearly seen in the Fig. 5 TEM images. The near-rim regions are likely to be highly disordered, resulting in locally reduced magnetization and perpendicular anisotropy. As A is decreased, the pore circumference increases, and such near-rim regions constitute a progressively a larger fraction of the total surface Co/Pt multilayer, resulting in a net reduction in nearsaturation magnetization, and in effective anisotropy. This is consistent with the gradual reduction of the squareness of the out-of-plane hysteresis loops as A is reduced (Fig. 2) .
For the A ¼ 0.7 sample, we can also compare the fielddependent magnetization of the surface to the average fielddependent magnetization of the filled pores. As the nuclear profile for the sub-surface region corresponds to more than just Co/Pt and empty space (averaging with Pt seed layer, AAO, depth-dependent amount of sidewall material, etc.), it is much more challenging to extract a normalized Co/Pt magnetization. Thus, in Fig. 7(b) we compare the surface and the average subsurface magnetizations, normalized by the respective highfield values. We observe that the magnetizations of the surface and the sub-surface respond to field essentially identically. Previous FORC measurements of this sample 9 suggest that the surface and sub-surface magnetizations are largely decoupled. Therefore, we conclude that the similar magnetization reversal behaviors are due to the comparable restricted lateral dimensions of the Co/Pt on the AAO surface and in the pores. Both the pore diameter and the pore edge-to-edge distance are similar to the typical domain size of Co/Pt multilayers ($15 nm), 29 allowing for magnetization reversal to proceed through rotation in both the surface and sub-surface regions.
V. CONCLUSION
We have used PNR to resolve the nuclear and magnetic depth profiles of a series of Co/Pt multilayers deposited onto nanoporous AAO templates with varying aspect ratio. The nuclear profiles are consistent with cross-sectional TEM images, and the field dependencies of the integrated magnetic profiles show excellent agreement with VSM measurements. From the profiles, the field-dependent magnetization of the surface Co/Pt can be distinguished from that of material in the pores. We observe that as the pores become wider and shallower, the surface Co/Pt exhibits a reduction in saturation magnetization and a softer magnetization reversal, attributable to significant magnetic disorder near the rims of the pores. This work reveals complexities of magnetic order in nanoporous heterostructures, and the utility of PNR for investigation of depthdependent magnetic properties in such materials.
